2013. Understanding the mechanisms of collective decision making in ecological restoration: an agent-based model of actors and organizations. Ecology and Society 18(2):32. http://dx.ABSTRACT. Ecological restoration, particularly in urban contexts, is a complex collective decision-making process that involves a diversity of stakeholders and experts, each with their own perceptions and preferences about what landscapes should and can look like, how to get them to the desired state, and on what timeline. We investigate how structural and behavioral factors may influence collective decision making in the context of ecological restoration, with the purpose of establishing general relationships between management styles (defined by structural and behavioral factors of the organization) and decision outcomes. Informed by existing literature on collective decision making and by empirical data from the Chicago Wilderness region, we present a stylized agent-based model that maps out and simulates the processes by which individuals within restoration organizations communicate, discuss, and ultimately make a decision. Our study examines how structural and behavioral characteristicsincluding: (a) the number of actors and groups involved in decision making, (b) the frequency and type of interactions among actors, (c) the initial setup of positions and respect, (d) outside information, and (e) entrenchment and cost of dissent-lead to or prohibit group convergence in terms of collective position, variation in position across actors, and final decision strategies. We found that formal meetings and group leaders are important facilitators of convergence, especially when multiple groups are present, new information is introduced in the process, and participants are polarized around an issue. Also, intergroup interactions are particularly important for overall convergence. Position entrenchment slows the convergence process and increases the need for decision strategies involving outside intervention. Cost of dissent can reinforce these effects. Our study formalizes collective decision-making processes within the context of ecological restoration, establishes generalizable relationships between these processes and decision outcomes, and provides a foundation for further empirical and modeling research.
INTRODUCTION
Ecological restoration, particularly in urban contexts, is a complex collective decision-making process. Diverse goals for land use can lead to conflict around resource management choices. For example, how much trail construction, invasive species removal, or tree planting should occur in a forest preserve depends on different stakeholders' perceptions of the ecological status of the preserve and land-use priorities. Further, managing natural resources in urban areas is complicated by limited space and historic-often unknowneffects of human alterations to the landscape (e.g., infrastructure development and subsequent alterations to hydrology, habitat, and other ecosystem functions). Diverse opinions about goals and appropriate restoration strategies, and the ways in which goals and techniques are discussed across stakeholder groups (both within and outside of the decision-making group), can lead to conflict within an organization and between the organization and the public. Sometimes this conflict results in unsuccessful or subpar management (White et al. 2009 ). Understanding how collective decision-making processes occur will provide insights that can enhance and support successful ecological restoration practices.
Previous research has evaluated collective decision making related to common pool resource extraction and has often focused on how stakeholders set goals and criteria for maintaining resource supply and condition (see Grimble and Wellard 1997) . This literature concerns how to: (1) bring people to the table, for example with the use of participatory modeling (Becu et al. 2008 , Jones et al. 2009 ); (2) consider a diverse array of knowledge, perspectives, and values (Beratan 2007 , Hermans et al. 2007 , Steyaert et al. 2007 ; and (3) increase stakeholder participation (e.g., Lal et al. 2001 , Herath and Prato 2006 , Castella 2009 , Hayati et al. 2009 ). These studies help us understand how to create and increase participation in collective common pool resource management, but they do not illustrate how group structure and participant interactions influence collective decision making within already established conservation organizations. Furthermore, with the exception of Regan et al. (2006) , most studies on common pool resource management lack generalization and formalization of the dynamics of collective decision making (Poteete and Ostrom 2008) , and they tend to focus on extractive rather than nonextractive collective management decisions (e.g., ecological restoration) (an exception being Ito et al. 2008) . We seek to formalize the mechanisms by which structural and behavioral factors influence the interactions among land managers, staff, and volunteers within an established ecological restoration organization, and to formulate general relationships between these factors and decision outcomes. We have focused our study on collective decision making about oak woodland restoration projects in urban settings because: (1) these ecosystems are in decline and are of global conservation significance (Glennemeier 2004) , and (2) restoration techniques can be especially contentious because more diverse opinions about land use and management practices exist at the human/nature interface (e.g., Gobster and Hull 2000, Crane et al. in press) .
To examine relationships between collective decision-making processes and outcomes, we created a stylized computational model of relevant actors involved in groups within conservation organizations, interacting during a season to influence each other's position relative to a specific ecological restoration practice. We informed our model by combining literature on collective decision making and existing stylized models of consensus building with richer ethnographic observations of, and semistructured interviews with, regional restoration decision makers of organizations restoring oak woodland in Chicago Wilderness. The Chicago Wilderness is a consortium of over 260 organizations whose primary goal is the conservation, restoration, and management of biodiversity on over 150,000 ha of open space in the greater Chicago metropolitan area (Moskovits 2004 ). The stylized model we present here is one component of a larger, interdisciplinary project seeking to reveal the institutional arrangements (norms, rules, and strategies) that guide collective decision-making processes and explain how different arrangements may lead to different biodiversity outcomes in 10 organizations within Chicago Wilderness. We use the Institutional Analysis and Development (IAD) framework (Ostrom 2007) to define and categorize the variety of actors, resources, and interactions in our model. The IAD framework allows for the analysis and comparison of collaborative, interorganizational processes (Imperial 1999) and rules of engagement in natural resource management partnerships (Hardy and Koontz 2009) . The framework has been used to understand the conditions under which successful resource management institutions are most likely to emerge (e.g., Gibson et al. 2000 , Andersson 2006, Chhatre and Agrawal 2009 ).
Our model is built on an agent-based platform. Agent-based modeling is well suited to explicitly represent the aspects that characterize the complexity of collective decision making: interaction among heterogeneous and autonomous actors across time and space (Janssen and Ostrom 2006 , Ostrom 2007 , Zellner 2008 . The purpose of this stylized model is to organize theoretical and empirical information into formal descriptions of actor interactions during the process of collective decision making, and to explicitly link these interactions with decision outcomes. Our aim is to develop theory that explains a wide range of cases, rather than to represent the detailed reality of particular cases. We use the generalizations derived from the modeling to generate hypotheses and guide additional empirical research for the larger project in which the modeling is embedded. The use of literature and of empirical observations of Chicago Wilderness is focused on determining plausible mechanisms and parameter value ranges for the stylized model, and is consistent with current modeling practices and applications (e.g., Haefner 1996 , Gilbert and Troitzsch 1999 , Macy and Willer 2002 , Goldstone and Janssen 2005 , Robinson et al. 2007 , Yang and Gilbert 2008 , Delre et al. 2010 , Railsback and Grimm 2012 . We use our model to examine how the following affect decision processes and outcomes: (a) the number of actors and groups involved in decision making, (b) the frequency of interactions among actors, (c) the initial distribution of positions among actors and their respect for each other, (d) external information, and (e) entrenchment and cost of dissent. We assess simulation outcomes in terms of: (1) how actors' positions converge or what keeps them from doing so, (2) the value and variation of positions across the actors, and (3) the final decision strategies that occur (whole-group convergence, point-person consensus, outside arbiter).
We first describe our methodological approach and its foundation in theory and empirical observations, distilling the relevant features that guided model design and development. We follow with a description of the components and mechanisms of our model, simulations, and results. We conclude with a discussion of our findings in light of their contribution to generalizations about collective decision making in restoration organizations.
METHODS: THEORETICAL AND EMPIRICAL FOUNDATIONS FOR MODELING COLLECTIVE DECISION MAKING

Study area
Chicago Wilderness is a large-scale social-ecological system embedded in a major metropolitan area (Fig. 1 ). The 10 organizations used in this study were chosen to represent the diversity of groups within Chicago Wilderness membership (large county departments, public gardens, and small land trusts). These organizations are typically composed of diverse participants arranged in different working groups (e.g., volunteer stewards, staff biologists/ecologists, operational "on-the-ground" technicians). We seek to understand how diverse working groups create institutional arrangements and modes of interaction to obtain desired environmental management results, and in this way produce robust methodologies and recommendations for biodiversity conservation that are applicable to a variety of urban areas. A better understanding of the dynamics and outcomes of http://www.ecologyandsociety.org/vol18/iss2/art32/ different models of ecological restoration planning should lead to strategies that allow for innovation while minimizing conflict and enhancing governance. 
Iterative model design
We conducted an iterative process of literature review, data collection, and conceptual modeling to distill the main factors and mechanisms that should be present in a stylized model of collective decision making for ecological restoration. The literature identifies several important factors and mechanisms that affect collective deliberation and decision outcomes (described in detail in the following sections): (a) status (respect for others in the group as well as respect for one's own expertise in a subject area); (b) introduction of new information, ideas, or resources; and (c) a variety of decision strategies.
We supplemented the literature with empirical observations of Chicago Wilderness organizations. Guided by the IAD framework, we conducted semistructured, confidential interviews between March 2010 and March 2011 with over 50 restoration decision makers holding different positions and with varying authority in 10 different organizations within Chicago Wilderness. We also observed dozens of organization meetings and ecological restoration workdays. Interviews were transcribed and broad thematic codes were created (Glaser and Strauss 1967, Bernard 2005) using NVivo, a qualitative data analysis software (QSR International Pty Ltd. Version 9 2012). Subsets of the data were jointly coded to develop initial categories of rules of engagement and organizational structure, and to ensure validity and shared understanding. The data were further split among researchers with relevant expertise (e.g., anthropology, sociology). The empirical observations confirmed the relevance of the factors identified in the literature (a to c, above), and revealed the importance of two additional factors and mechanisms: (d) organization structure, and (e) the types and frequency of participant interactions within and between groups.
The above factors and mechanisms guided the construction of a base model that helped us establish some general relationships with collective decision-making outcomes, but which was limited in producing the variety of outcomes that are typically observed in Chicago Wilderness and other restoration organizations. We thus turned back to the literature and empirical observations, and identified psychological mechanisms with the potential to affect the collective process: (f) dissent and entrenchment. The following section conceptualizes all factors and mechanisms in detail. Where available, we include Chicago Wilderness examples to illustrate these factors (all names mentioned are coded pseudonyms).
Modeling design guidelines
Organizational structure, composition, and roles Ethnographic observations revealed that the study organizations vary in size, and it is difficult to determine the number of participants involved in a specific decision-making event. All of the Chicago Wilderness organizations we modeled had three or fewer working groups (referred to as just "groups" hereafter) that regularly participated in the decisionmaking process at any given time. Within each organization there is a hierarchy of participants with varying power and/or responsibilities. All participants are involved in the decisionmaking process in some way, but some may act as "advisors" who may or may not be a part of the final decision, while others may have additional authority or represent the group to others and act as the official decision maker or "point person" (Argyres and Mui 2007, Taylor and Short 2009) , as illustrated in the following interview excerpt: Ecology and Society 18(2): 32 http://www.ecologyandsociety.org/vol18/iss2/art32/ Is it consensus? No, well, there's a structure within each of the programs here. A hierarchical structure. Ultimately, if we don't come to a consensus, I mean, that's ZI's role as the manager." (12/28/10, LC, land manager) Our observations suggested that there are four basic types of interactions that can occur in Chicago Wilderness organizations and these are defined by when they take place and who is involved (Fig. 2) . The interaction can involve only agents within the same group (intragroup interaction) or among two or three groups (intergroup interaction). Formal interactions (e.g., scheduled meetings) tend to occur at regular intervals, whereas casual interactions (e.g., e-mail, phone calls, talking in the hall, etc.) are spontaneous, more frequent, and do not follow a schedule. Formal intergroup interactions involve only point persons of the various groups within an organization. Formal intragroup interactions involve all the advisors and the point person in a single group. Ethnographic interviews indicated that whole-organization meetings (e.g., every advisor and point person)-formal or informal-are rare or nonexistent. 
Positions and respect
Empirical observations of Chicago Wilderness organizations revealed that agents may have disparate opinions or positions about specific restoration strategies or techniques. Although Chicago Wilderness organizations participate in policy development, the collective deliberation in the groups we studied focused on the magnitude of application of a particular strategy within an already established policy supporting that strategy. For example, collective decision-making focused on how much of an invasive shrub should be removed during the season, rather than whether removal should occur or not, which is a decision that was already made at higher levels of the organization. Across all of the organizations, respondents referred to "differences in philosophy" or "variations in perceptions of risk" to explain the diversity of positions arising from their particular role or expertise within the organization. In the shrub-removal example, some agents were concerned about the potential impacts of shrub removal on other species, while others were concerned about potential disturbance to the soil without the proper follow-up, and still others were guided by the presence or absence of funds. "Restoration is not black and white," explained a decision maker (01/05/11, AK, land manager); that is, within a range of possible options, multiple ("gray") opinions are possible and acceptable.
Findings in the literature also suggest that high status group members who are seen as knowledgeable and respectable can influence the position of others (Henrich and Gil-White 2001 , Atran et al. 2002 , Baumann and Bonner 2004 , Ohtsubo and Masuchi 2004 , See 2009 ). Status may be derived from positive social connections (Kilduff and Krackhardt 1994) ; perceived knowledge or expertise (Wittenbaum 1998 (Wittenbaum , 2000 ; or one's role, physical appearance, socioeconomic standing, or other demographic traits (Thomas-Hunt et al. 2003) . In line with prior work, we conceptualized each group member's opinion of the expertise of others as respect, a weight that is applied to each member's opinion or position (Davis et al. 1993 , Davis 1996 , Kerr and Tindale 2004 , Regan et al. 2006 , Ekel et al. 2008 . According to the literature, lead decision makers tend to place more weight on their own position and advisors' position more similar to their own, than on dissimilar positions (Harvey et al. 2000, Yaniv and Kleinberger 2000) . Our observations, however, indicated that agents can place greater respect (i.e., weight) on the position of others, even if they differ with their own, based on their appreciation for the effort or expertise of others. For example, one respondent admitted, And I will say I don't agree with all the decisions. So [US is] pretty much making the decisions about what our monetary resources are. And he's also making decisions about where the intern resources are going and where the volunteer resources are going for the restoration. So US really is controlling that situation. And I have to admit when there's someone like US who's willing to put in as much time and effort as he does, then I'm willing to concede a whole lot to him. (11/03/10, LO, volunteer) Another respondent stated:
I supervise RI and NI3 in their areas. But I depend almost completely on their knowledge and their expertise to make the calls as far as biodiversity within what they control.
(01/10/10, LF, Director)
External influences
If we view groups as dynamic and interactive systems, we must pay attention not only to changes in positions based on interactions within and across groups, but also to the influence of external forces (e.g., particular individuals outside of the group; surrounding communities; the larger cultural, social, political and economic environment) (Arrow et al. 2000) . Outside information can modify group members' positions and change the direction or pattern of the convergence process (Ekel et al. 2008, Maturo and Ventre 2010) . For example, Chicago Wilderness members may attend workshops and trainings where they learn new scientific or technical information, or they can interact with and learn from persuasive individuals outside of the decision-making process. Many respondents described occasions when a management technique changed as a result of outside influences, such as networking with managers, visiting other sites, and pressure from special interest groups like birders, or simply from reading academic journals:
Just in the process of networking with other managers and visiting other sites, I realized that we could probably do this if we were to step into this carefully and so then we developed a technique to go in to our natural areas, into our woodlands, and use this particular machine to do the work. (10/13/10, CJ, land manager)
Occasionally, somebody will say, "Here's an applicator for herbicide that works better than anything I've used." And I'll try it, and that is better. (10/28/10, RI, land manager) Additionally, new sources of funding can open up possibilities for restoration activities that would not have otherwise been considered. One respondent describes funding as creating "a shot gun effect" in which they focus on specific sites that are receiving funding (8/25/10, RS2, volunteer coordinator). New information could thus be scientifically, politically, or financially driven.
Entrenchment and dissent
In collective decision-making processes, group discussion and even dissent fosters new ideas, truthfulness, and solidarity (Dryzek and List 2003 , Hopthrow and Hulbert 2005 , Argyres and Mui 2007 , Mulford et al. 2008 , Landier et al. 2009 ). Sometimes, however, individuals can be willfully and strongly tied to their own position, thus becoming entrenched (Anderson et al. 1980 , Anderson and Lindsay 1998 , Meyer et al. 2000 , Locke et al. 2008 , Dane 2010 . For example, one respondent said of restoration:
It's not an exact science. So a lot of people have a lot of different opinions about things. Most of the people that I've dealt with, who are in those roles as heads of [omitted], they're all very strong-willed individuals. And they all have their idea of what's right and what's wrong. That's what's so ironic about
it is they'll argue back and forth but they're really trying to get to the same point. [They have] ideals or theories that they stick to and they won't budge. And for whatever reason, maybe it's just the individuals involved that they don't like each other or whatever. But they just dig their heels in and it just seems silly.
(12/22/10, LB4, land manager) Dissenters must decide to either conform or remain entrenched in their view. Dissent may be sustained or increased when a dissenter thinks the decision maker is going to choose an option that the dissenter does not agree with (Che and Kartik 2009 ). Dissent can also be supported by the decision maker when he/she thinks that the choice he/she makes is going to result in subpar effort on the part of the dissenter (Landier et al. 2009 ). Eventually, there is pressure among members of a group to come to an agreement so that progress can be made toward goal achievement (Che and Kartik 2009, Landier et al. 2009 ). There may be social, psychological, or professional costs to diverging from the opinions of others in the group. Thus, a person with a firmly held belief may eventually "give in," and change his/her position to one that is closer to the rest of the group. One respondent explained the cost of dissent as:
We have to pick our battles carefully. And decide what is worth falling on a sword over and what isn't. This is a fast-paced place and decisions aren't revisited a lot. So as employees who like to wake up every morning and have a job to come to, we need to be careful that we just don't second guess every decision that gets made around here that we just don't agree with because you're not very popular with management when you do that. (01/10/11, JA3, land manager)
Our observations indicate that there is no clear link between dissent and entrenchment; the presence or absence of each Ecology and Society 18(2): 32 http://www.ecologyandsociety.org/vol18/iss2/art32/ mechanism varies with individuals and issues. For example, someone could dissent, but not be entrenched in their opinion and quickly converge towards the collective position. Similarly, someone could be very entrenched in his or her position, which may coincide with the general opinion, not caring if the collective opinion stays or moves away from that position.
Decision strategies
Participants' values or positions are often conceptualized as converging towards the same position through deliberation (Arrow et al. 2000 , Regan et al. 2006 . We recognize both shared consensus, where all group members participate in the decision process and converge towards a decision, and unshared consensus, where one or several dominant group members make the final decision (Conradt and Roper 2009 ). In the latter case, there may be an advisory process where group members discuss an item, but one or a few point persons make the actual decision (Sniezek 1992 , Sniezek and Buckley 1995 , Budescu and Rantilla 2000 . One point person referred to it as having to "flex our muscle" over advisors when consensus is not reached. In the instance of a contentious decision, higher levels of management might step in and make a decision as outside arbiters. For example: 
Research questions and working assumptions
Based on the literature and ethnographic observations above, we focus our modeling work on the decision-making process of groups already at the table and involved in ecological restoration, i.e., we assume that group structure will not break down as its members work towards agreement on how to address a common goal. Specifically, in the base model we are interested in: the mechanisms of group interaction, which include structural components such as the number of people; the number of groups; and the types of interactions within and across these groups. We are also interested in the characteristics of social standing (status, or respect), and the influence of new information and cases in which participants have vastly different positions for a decision (position polarization). The complex model also incorporates psychological dimensions of decision making, characterized as position entrenchment and the cost of dissent. We use our models to examine how group structure and composition, interaction types, and psychological dimensions affect: (1) participants' collective position for a decision, (2) the distribution of positions, and (3) the occurrence of different decision strategies.
THE MODEL
Building on prior work (Regan et al. 2006 ) and the modeling design guidelines above, we implemented a stylized model of collective decision making in Netlogo (Wilensky 1999) , an agent-based modeling software. Current knowledge about Chicago Wilderness organizations' decision-making processes supported model parameterization and the design of meaningful scenarios. We were not seeking to model any particular organization or how any particular decision is reached, but rather to provide a general framework that can explain collective decision-making in a variety of ecological restoration cases. As explained above, we focus on collective decision making that concerns on-the-ground management decisions (e.g., how much to burn), once the policy decision (e.g., whether to burn or not) has already been made. The base model includes heterogeneous actors, defined group structures, and a variety of ways in which agents interact with and adapt to each other (Fig. 3) . Simulations with this base version focused on the effects of structural characteristics and explained the convergence process. However, the base model did not produce the variety of position trajectories and final decision outcomes that is indicated by our ethnographic observation. Thus, we designed a more complex version of the model, adding behavioral components ( Fig. 3 ) to explain the variety in dynamics and outcomes.
Agents
Both the base and complex models simulate interactions of a medium-large organization with 18 total agents. This number is the average size of the organizations we studied and a number that can be evenly divided into two or three groups, the latter being the maximum number we observed in Chicago Wilderness organizations. This setup allows us to isolate the effect of number of groups from the effect of group size. We do not make assumptions about outcomes for organizations with more than three groups or a larger number of participants. Each group is assigned one point person with final decisionmaking authority and who represents the group to others. All other agents are classified as advisors and are assigned to one of the groups headed by a point person.
Agents have positions about management actions (e.g., invasive species removal or prescribed burning). Agent position p ranges between 0 and 1, is continuous, and represents an agent's opinion about the magnitude of effort for a specific management action. As noted in the model design guidelines above, our observations suggest that positions correspond to support for a specific magnitude of an action that has already been established as a policy in the organization, rather than a dichotomous decision of either 0 http://www.ecologyandsociety.org/vol18/iss2/art32/ Fig. 3 . Order of events in the model. (Base version in black, complex version in blue.) or 1. For example, for a decision to remove an invasive shrub population in a 2-ha area, a position of 0 in our model represents the opinion that no removal should take place, while a value of 0.8 represents the opinion that 80% of the shrub population should be removed.
Agents also have respect values r for their own position and for that of other agents with regard only to the one decision being modeled, ranging between 0 (no respect) and 1 (highest respect). Respect represents how much the agent values a particular position of an agent (including themselves) due to either agent expertise or agent effort within the group, as supported by our observations and the literature (Harvey et al. 2000 , Yaniv and Kleinberger 2000 , Regan et al. 2006 ). In our model, respect is independent of psychological issues like selfconfidence, self-worth, or trust in oneself or others. It is a measure of how much the actor supports a source of information for the particular issue being decided.
Events within a run
The model is first initialized with the creation of up to 18 agents who will form one group, or who will be evenly split into two or three groups and assigned randomly to each. Each agent is assigned a position and respect value for its own position, as well as respect values for the position of other agents, drawn from random, uniform distributions (Table 1) .
Each iteration or time step in the model represents one workday. Restorationists construct their management schedules on a seasonal basis due to the seasonal constraints inherent in their practice, much like in farming. Therefore, the model assumes a planning period of three months (one season = one run of 64 workdays), unless the group reaches agreement first (Table 1) . In the base model, each time step involves two main events: mutations (the influx of new information), and interactions (both formal and informal deliberations). In the complex version of the model, two additional mechanisms are activated: entrenchment (agents' strongly held position that reduces the influence from others), and cost of dissent (the internalized pressure an agent feels to conform to the group as the decision-making period ends) ( Fig. 3) . At the end of each run, one of three decision strategies occurs. Details of all events are described below.
Mutations
Mutations represent external influences that change the position of targeted agents, as supported by the literature and Chicago Wilderness observations. Both the selection of agents for mutation and their change of position are random because data on the occurrence of mutations is not readily available; random is the simplest unbiased assumption for the frequency and direction of this mechanism. A mutation is thus equally likely to result in a substantial or in a minimal change in position. At every time step, each agent may undergo a position mutation at a probability of either 5 per mil or 10 per mil, which means an average of 6 and 12 mutations in a season, respectively. We chose these probabilities because, while we do not know exactly how often mutations occur, we know that they do occur, but at low frequencies within the Chicago Wilderness organizations we observed. Our sensitivity analysis showed that probabilities of 5 per mil ensured that at least a few substantial mutations occurred in a run, while probabilities above 10 per mil resulted in overly erratic decision-making processes that did not match our observations of these organizations. If an agent undergoes a mutation, it also receives a new random value for its own position to represent the agent's support for the new information in light of the agent's own expertise to evaluate it. A random change of respect allows us to match our observations (see modeling design guidelines); actors may place more or less value on a new procedure, technique, or source of funding, depending on the new information they possess. Through interactions with other agents, a mutation can influence the collective position outcome.
Interactions and position updating
Previous models assume that all agents interact with all other agents in each time step (Regan et al. 2006) . Instead, agents in our model interact with a subset of other agents, depending on the type of interaction, and only at the time they are selected to participate in that interaction. Based on our observations of the Chicago Wilderness organizations, we model four basic types of interactions: (1) formal intergroup interactions at regular intervals involving the point persons among two or three groups within an organization ( Fig. 2a); (2) formal intragroup interactions at regular intervals of all the advisors and the point person in a single group (Fig. 2b); (3) informal intergroup interactions involving agents from at least two different groups (Fig. 2c) ; (4) informal intragroup interactions, where only agents in the same group spontaneously interact (Fig. 2d ). Types 1 and 3 do not occur when agents form only one group.
To establish reasonable estimates of the frequency of each meeting type, we derived values from our interviews and observations. For informal meetings, the model generates a random number for each agent to determine if it might interact. If two or more agents are flagged, the interaction occurs. Information from our interviews suggest that informal intergroup interactions occur about once a week, or 20% of the time, and that informal intragroup interactions occur every day, or 100% of the time. To achieve these total interaction probabilities for an organization with two groups and 18 agents, each agent is given a fixed interaction probability of 2.22% and 11.11% for intergroup and intragroup information interactions, respectively. We also extend these percentages to scenarios with three groups to make the results comparable. For three groups, however, the use of fixed probabilities per agent results in a slightly lower chance of intragroup interaction (it is less likely that two agents selected will be in the same group when groups are smaller), and in a slightly higher chance of intergroup interactions (it is more likely that two agents selected will be in different groups when there are more groups). Formal meetings occur at intervals of one month (equivalent to 20 time steps denoting a monthly staff meeting), including the first simulated day of the run. We conducted sensitivity tests that showed that higher values of meeting frequency led to faster convergence than suggested by our interviews, while lower values did not accurately represent the frequency of convergence in the Chicago Wilderness organizations observed.
Over the course of a planning season (a run), agents interact and positions change based on the level of respect agents have Ecology and Society 18(2): 32 http://www.ecologyandsociety.org/vol18/iss2/art32/ for each other's position. First, the respect values that agents have for themselves and for all the other agents involved in a specific interaction are normalized to ensure relative weighting is only applied across the values of agents involved in the interaction, and not across all the agents in the organization. Consistent with prior models of consensus (Davis et al. 1993 , Davis 1996 , Kerr and Tindale 2004 , Regan et al. 2006 , Ekel et al. 2008 , each agent's position value is then updated by calculating an average of the positions of all interacting agents, weighted by the respect that each agent has for each other, as follows:
where: p i, t+1 = updated position of agent i after the current interaction; n = total number of agents involved in current interaction; r i, j = respect that agent i has for agent j (including itself), normalized among the n interacting agents; and p j, t = current position of agent j.
Entrenchment
In the complex version of our model, entrenchment occurs when an agent is assigned a respect value for its own position of 0.9 or higher. In this case, the entrenched agent will lower its respect for all other agents to 0.01. We use 0.01 because we consider 0 to be unrealistic. If respect for others were 0, the entrenched person would not consider anyone's opinion at all, so their position would never change. Instead, we assume that entrenched agents will still engage with other agents, even if they value others' opinions much less than their own. If an agent's respect value for its own position is lower than 0.9, the agent is not entrenched and respect values for others are randomly assigned. Entrenchment can also occur during the course of a run if a new respect value for its own position due to mutation (described above) is above 0.9. A 10 per mil probability of mutation resulted in at least one agent per run becoming entrenched after mutating (1.2 times per run on average), which is a reasonable portrayal of entrenchment as a regular mechanism based on our empirical observations.
Cost of dissent
In the complex model, during the last month of the season (starting at Time Step 44 and only after an interaction has taken place) agents examine how different their position is from the average position of the other agents with which they interact. If the difference between an agent's position is greater than the standard deviation of the positions of the agents with which it interacts, then cost of dissent is activated for the first agent. The cost of dissent mechanism involves reducing the agent's respect value for its own position, which will thus increase the influence of other agents in future interactions. As a result, the dissenting agent will be more likely to converge towards the rest of the group the next time it interacts.
The effect of cost of dissent on respect for the agent's own position differs depending on the role of the agent. Interviews suggest that, as leaders, point persons are less prone to changing their positions, and therefore are less susceptible to cost of dissent. Advisors, however, more acutely feel pressure to conform and are more susceptible to cost of dissent. Each day after Time Step 44 (when the cost of dissent period starts), the agent's respect for its own position will decrease by their respective amount (0.2 for point persons or 1.0 for advisors) multiplied by t c /20, where t c equals the number of days spent in the cost of dissent period. Therefore, respect for the agent's own position is more greatly reduced with each passing day, reflecting the pressure to conform as the season draws to an end. On average, there were 13 instances per run when agents reduced their respect for their own position due to cost of dissent. 
Decision strategies
SIMULATION EXPERIMENTS AND RESULTS
Base model simulations
We conducted a series of stylized tests using settings (scenarios) derived from the ethnographic interviews and observations. Default parameter values for all scenarios are shown in Table 1 . We ran each scenario 30 times and used three metrics to assess the outcomes of each scenario: the 30run average collective position (a measure of the final position value), the 30-run average spread of individual positions (a measure of the degree of convergence around the final position value), and the frequency of decision strategies over 30 runs (a measure of the likelihood of whole-group convergence versus point-person consensus or outside arbiter decisions) ( Table 2) . 
Effect of number of agents and number of groups
To examine the effect of the number of agents and number of groups on decision making, we ran the base model with one, two, and three groups, and with all of the possible numbers of agents ranging from three to 18. Because positions are randomly assigned between 0 and 1, the average position at the beginning of all runs was 0.5. It was no surprise then that the final average position converged towards 0.5 in all scenarios (Fig. 4a ). In fact, average collective position did not change significantly in any of the subsequent scenarios we tested with the base model because of this initial average position (although not random, polarized scenarios also start with a collective position of 0.5). Because this metric did not allow us to distinguish effects across scenarios in the base model, we focused instead on measures of position variation (spread of individual positions) and decision strategies.
The average spread of individual positions increased as both the number of agents and the number of groups increased (Fig.  4b) . With one group, the spread remains consistently low. Spread of positions was not influenced by the number of agents because convergence was easier to reach within one group than across groups, regardless of the number of agents. With several groups, the likelihood that whole-group convergence occurred decreased because intragroup interactions are more likely to occur than intergroup interactions. This resulted in intragroup convergence but also in intergroup divergence.
The greater divergence obtained with multiple groups translates into the need for point persons to negotiate, or for outside intervention so that a final decision can be made. With one group, nearly all of the simulations ended with wholegroup convergence (Fig. 4c) , whereas with two and three groups, the decision strategies were nearly always pointperson consensus (Fig. 4d and 4e) . Essentially, our model shows how having multiple groups creates an institutional barrier to whole group interaction and convergence, reproducing observations in our cases and in the literature (Argyres and Mui 2007, Taylor and Short 2009 ).
Effect of interaction type
To examine the effect of interaction type (Fig. 2) , we ran the base model with five scenarios with both two and three groups: When formal meetings were included in the model (Scenarios 2, 4, and 5), the average spread of individual positions showed a decreasing trend (Fig. 5a ). Intragroup formal meetings (Scenario 2) showed a greater decrease in spread than when intergroup informal meetings were included (Scenarios 3 and 4) because in the former, all agents within a group intervene in the interaction and all their positions are updated simultaneously. Intergroup informal meetings, on the other hand, occur far less frequently and among fewer agents. Intergroup meetings promote greater convergence when they are formal (Scenario 5) because such meetings bring point persons together on a regular basis. When all four interaction types occur (Scenario 5), the spread of individual positions is the lowest and convergence is more likely.
Point-person consensus was the resulting decision strategy at least 93% of the time in any scenario (Fig. 5b) , which is consistent with our observations of Chicago Wilderness organizations. The only two instances of whole-group convergence occurred under Scenarios 2 and 4 with two groups and intragroup formal meetings, which promote convergence. Outside-arbiter decisions occurred under Scenarios 1, 2, and 3. Scenarios 1 and 3 exclude intragroup formal meetings, the strongest mechanism promoting convergence. While this mechanism was present in Scenario 2, the occurrence of an outside arbiter with three groups can be explained by the higher number of groups, which increases the likelihood of divergence across groups, and thus the need for outside intervention. Fig. 6 shows the influence of the various types of meetings in the process towards convergence, or lack thereof. Note that in sample runs without formal meetings ( Fig. 6a and 6c ) the spread of individual positions decreases gradually. In contrast, runs with formal meetings (Fig. 6b, 6d, and 6e) show that the first formal meeting facilitates a dramatic reduction in position spread, and subsequent formal meetings reinforce this reduction, producing a step-like convergence. 
Effect of mutation
Mutation causes deviations in position values throughout a run, thus increasing the spread of individual position (Fig. 7a ). There was little difference in the effect of mutation between probabilities of 5 per mil and 10 per mil, however. The effect of mutation compounds the trend towards divergence introduced by a larger number of groups.
Mutation produced the greatest change in decision strategy with one group. Without mutation, whole-group convergence occurred 100% of the time (Fig. 7b) . With a mutation rate of 5 per mil, point-person consensus occurred 60% of the time and whole-group convergence occurred 40% of the time. A rate of 10 per mil drastically favored point-person consensus (87% of runs), with only 13% of the runs resulting in whole-group convergence. When individuals are organized in one group, whole-group convergence is easier to attain than when two or three groups are present. Adding mutation, even at low rates, causes the spread of positions to pass the low threshold for whole-group consensus and immediately switch to pointperson consensus as the dominant decision strategy. When modeled with two or three groups, point-person consensus was already the outcome in nearly all cases, regardless of the mutation rate. The positions spread among point persons surpassed the threshold that activated outside interventions infrequently and only with three groups and a 10 per mil mutation rate. Despite mutations, intergroup and intragroup formal meetings are effective at driving positions back toward the mean of each group, resulting in point-person consensus. 
Effect of polarized position distribution
We ran additional scenarios whereby initial positions are polarized, to reflect a situation where agents vary greatly in their expertise or opinion about a decision outcome. The setup included:
q Intragroup polarization within one, two, or three groups, where half the agents in each group had positions of 1 and the other had positions of 0.
q Intergroup polarization between two groups, where agents in one group had positions of 1, and agents in the other group had positions of 0.
Because the final collective position was not affected by polarization, we focus here on the other two metrics: average spread of individual positions and frequency of decision strategies. Based on the ethnographic data, we used a mutation value of 10 per mil.
With intragroup position polarization, there are many opportunities for interaction and convergence, particularly through intragroup formal meetings, so that the average spread of individual positions or frequency of decision strategies are not affected as much, relative to the results without polarization ( Fig. 8a and 8b) .
Intergroup position polarization, on the other hand, led to a noticeable increase in the average spread of individual positions when compared to results without polarization (from 0.05 to 0.15). Point-person consensus occurred 93% of the time and outside arbiter occurred 7% of the time. The reduced opportunities for interactions between groups helps maintain the divergence (Fig. 8c) , and increases the need for pointperson negotiation and outside intervention.
Base model conclusions and limitations
The base model provides several insights into the decisionmaking process. Formal intragroup meetings and point persons facilitate convergence when other counteracting forces are in place, such as the presence of multiple groups, mutation, and polarization. While the base model did recreate some differences in position spread and decision strategies across scenarios, it did not generate the variety of trajectories that is often observed in group decision making. In the base model, all of the agents come together fairly quickly around a common value (0.5). Ethnographic observations, however, suggest that the trajectory of collective position within any given run is more varied. The mechanisms of the base model were not enough to reflect the presence of debate, contention, and negotiation that typically occurs in these organizations, for example: We used the same settings as in the base model (Table 1) with the exception of the mutation rate, which we set at 10 per mil, based on our observations of its effects in the base model.
Effect of entrenchment and cost of dissent
Regardless of the number of groups, none of the combinations of cost of dissent and entrenchment significantly affected the average collective position, which is similar to the simulations with the base model. Cost of dissent and entrenchment had a greater impact on the standard deviation in the collective position across runs (Fig. 9a ). That is, while the collective position averaged across runs did not differ much from the base model, individual runs were more divergent from 0.5. cost of dissent alone (Scenario 7) produced a slightly lower standard deviation in collective position, explained by the fact that cost of dissent helps facilitate agreement at the end of the run (Fig. 10a ). Compared to Scenario C1, the added entrenchment in Scenarios C3 and C4 increased the standard deviation of collective position, i.e., more variety was produced in collective position across runs. A possible http://www.ecologyandsociety.org/vol18/iss2/art32/ explanation for this effect is that entrenchment introduces greater path dependence. In other words, early interactions affect future interactions, drawing the trajectory of the collective positions in different directions, sometimes away from the central values ( Fig. 10b and 10c ), compared to runs with no entrenchment (Fig. 8a and 10a ). If enough agents follow the entrenched positions, then cost of dissent will effectively "seal the deal" (Fig. 10c) , attracting other agents who may originally be far from the entrenched value. We observed similar effects on spread of individual positions within runs (Fig. 9b ). Cost of dissent alone had less of an impact than entrenchment alone. When both are active, however, they reinforce the increased spread of positions among agents, as clusters of positions may form around entrenched values when those averse to dissent interact with entrenched agents.
Overall, point-person consensus was the dominant decision strategy across all scenarios, with outcome frequencies of at Ecology and Society 18(2): 32 http://www.ecologyandsociety.org/vol18/iss2/art32/ least 87%. Adding entrenchment reduces the likelihood of whole-group convergence and increases the likelihood of outside arbiter decisions, particularly with multiple groups, as it promotes divergence of opinions. When cost of dissent is added to entrenchment, outside arbitration never occurs because, despite the initial divergence introduced by entrenchment, cost of dissent may promote convergence around entrenched values.
Effect of entrenchment and cost of dissent with position polarization
To examine the effect of entrenchment and cost of dissent in scenarios where position distributions were polarized, we ran the complex model with polarized positions within one, two, or three groups (intragroup polarization) and polarized positions between two groups (intergroup polarization). The results obtained for spread of individual positions and frequency of decision strategies were not very different from those obtained for the polarization scenarios run with the base model. Differences are more noticeable within runs (Fig. 11) , where psychological mechanisms cause slightly more divergence of positions among agents than with the base model (Fig. 8 ). This effect, however, is not strong enough to change the aggregate trends observed in the polarization scenarios run with the base model. Arrow et al. (2000) argue that to understand the consensusbuilding process it is important to know the rules that each group has established with respect to how: (1) members present their claims to the group, (2) member's claims or point of view are evaluated and weighted compared to the claims or opinions of others, (3) disparate interests are reconciled and by whom, and (4) by whom a group decision will be established when group consensus is required and members' views diverge. Our models addressed each of these components through the following features: (1) group structure and several types of meetings, (2) "respect" as a measure of how well one's positions are transferred, (3) the role of "point persons," and (4) alternative decision strategies when whole-group convergence is not reached. Each of these features is supported by both literature and ethnographic information about Chicago Wilderness organizations.
DISCUSSION AND IMPLICATIONS FOR COLLECTIVE DECISION MAKING
We derived several important insights from the base model about the influence of structural components on decision making. If whole-group convergence is an organizational goal, particularly within a certain time period, our model suggests that both intragroup and intergroup formal meetings are important. This is especially true when the organization is structured into multiple groups, when new information affects the opinions of participants, and when different cultures exist across groups. As much as these mechanisms may promote convergence, however, it is still more likely that under these conditions point persons will need to negotiate decisions or even defer to outside arbiters to facilitate the decision-making process. Our model encourages formal, periodic face-to-face discussion amongst all actors involved in ecological restoration planning, yet an authority figure is still needed to move the process to an actual decision as diversity of structures, information, and opinions increases. The assumptions in our model that determine the threshold for intervention of point persons or outside arbiters were calibrated to match our observations, but will need to be reexamined with in-depth empirical data collection and analysis to understand the conditions in which specific decision strategies are activated. In particular, we will focus on identifying the characteristics of key figures at each level and their role in influencing the learning process and in activating specific decision strategies. Additionally, we assumed a number of workdays per season, representing weekdays. http://www.ecologyandsociety.org/vol18/iss2/art32/ However, some organizations work mostly during weekends, suggesting the need to explore the effect of more sporadic interactions on the decision outcomes and trajectories. Further analysis of our empirical data will guide model reformulations and scenario design to explore these effects.
The psychological attributes in the complex model offer a richer explanation for variation in the trajectories of the decision-making process. Entrenchment alone, and in combination with cost of dissent, can prevent whole-group convergence, and create conflict and uncertainty in the collective position of a group at the end of a season by amplifying the divergence produced by other mechanisms. While new information and psychological attributes both introduce opportunities for innovation, the latter appear to be a greater hindrance to group convergence than the former. If an organization strives to prevent decision strategies in which group members lose their ability to contribute to the final decision, group leaders may have to balance entrenchment with the value they place on decisions made by all members of the group. The model suggests new directions for additional empirical research to reveal whether and how leaders facilitate the consideration of multiple positions and the incorporation of innovation, and determine the effects, if any, these strategies have on biodiversity outcomes.
Averaging across all runs for each scenario, the collective positions to which the group converged was 0.5, even though singular runs did converge towards different values. This result is an artifact of our model setup; initial position randomization or polarization sets the collective value around 0.5 at the start of each run. The more complex model reduced the likelihood of a collective position of 0.5 occurring. Future efforts in in-depth empirical data collection will inform the initial position setup, which will likely lead to greater variation in the final position value (see below). Still, we propose that that convergence around the initial collective position has some empirical validity. In ecological restoration, as in many other collective processes, there is a substantial lag time between a decision and its observable impacts. Additionally, the complexity of social-ecological systems makes it difficult to isolate the ecological effects of specific restoration decisions. Time lags (in which the effect of decision is not felt for days, months, or even years) and complexity introduce uncertainty, which is represented in the random or polarized position scenarios. Uncertainty tends to promote the status quo (Samuelson and Zeckhauser 1988) , as structural and psychological mechanisms dilute shifts in position, and reduce the possibility of big changes in group decisions. This barrier could be overcome with the use of complementary ecological models showing the biodiversity impacts of specific management decisions during collective discussions.
Our results provide strong motivation for field-testing structural and behavioral decision-making mechanisms. The current model is guiding systematic data analysis of interviews to develop and test new, case-specific mechanisms and scenarios. The IAD framework (see Ostrom 2007) will continue to help identify the specific institutional setup (rules and norms) of each organization. These setups include prescriptions about actors' positions and qualifications, how actors negotiate shared control over a decision, and the ways in which information "flows" among individuals and groups and within groups. Furthermore, both conventional and directed qualitative content analysis (Bernard 2005, Hsieh and Shannon 2005) and Nvivo coding (Strauss and Corbin 1990) will elucidate details like which agent type experiences a mutation, entrenchment, or cost of dissent, and at what point during the decision-making season. This analysis will also allow us to understand how institutional memory influences long-term decision-making processes in ecological restoration. We will also explore additional setups and mechanisms that might cause the final collective position to shift from the initial collective position by informing initial position values, targeting specific agents (point person versus advisor) for mutations and entrenchment at specific times, and by specifying how the new information is integrated in the collective deliberation. With these empirically informed extensions to our model, we will develop robust explanations for a variety of cases by explicitly linking decision outcomes to specific types of management styles. Ultimately, our work will provide recommendations to improve or develop collective decision-making structures and processes that reduce conflict and enhance biodiversity.
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